Background: To evaluate feasibility and diagnostic performance of clinical 7-T magnetic resonance imaging (MRI) of the shoulder.
Background
Magnetic resonance imaging (MRI) is the most comprehensive imaging method to visualise soft tissue pathologies of the shoulder [1, 2] . As a standard of care procedure, it is widely used at field strengths of 1.5 or 3 T and has proven high diagnostic accuracy in the diagnosis of rotator cuff tears [3] . Room for improvement exists in subtler abnormalities [4] like low grade cartilage lesions, where a reduced accuracy at both 1.5 and 3 T has been shown [5] , or the classification of superior glenoid labrum anterior to posterior (SLAP) lesions [6] . Here, higher spatial resolution and better tissue contrast are desired. These demands can either be solved by extending the examination time to a certain extent or by further increasing the magnetic field strength [7] . Following the trend showed in studies comparing 1.5-T to 3-T MRI of the shoulder in the detection of partial-and full-thickness rotator cuff tears [8] , we postulated that even more accuracy should be gained from further increased field strengths.
Ultra-high field (UHF), in particular 7-T, MRI systems have been established and evaluated during the last decade to approach this challenge. At more than 60 sites worldwide, a substantial quantity of investigations has shown diagnostic improvements in several parts of the body, i.e., in the brain [9] , the heart [10] , or the hip [11] as well as the possibility to reduce the amount of injected contrast media [12, 13] . These achievements are mainly based on the higher spatial resolution and better tissue contrast at UHF [14] . So far, the Food and Drug Administration has cleared MRI of the head and knee joint at 7 T as clinical applications for the latest generation of 7-T MRI systems [15] . However, MRI of the shoulder at 7 T is still in its infancy. Challenges to overcome in 7-T shoulder MRI are in particular the peripheral location of the joint in the human body, making it difficult to place the region of interest in the centre of the magnet, and the absence of commercially provided radiofrequency (RF) coils for musculoskeletal imaging [16] , resulting in the need for individual self-built solutions [17] .
A literature search carried out in PubMed in April 2019 (search criteria: "shoulder" AND ("mri" OR "mr") AND ("7 T" OR "7 T" OR "7 tesla" OR "UHF" OR "ultrahigh-field" OR "ultra high field") identified only two studies dealing with 7-T shoulder MRI [18, 19] . Both studies focused on the development of an RF coil setup dedicated for 7 T as well as on the evaluation of shim modes and demonstrated high image quality in example in vivo measurements. Another study presented preliminary results for musculoskeletal imaging obtained with a multipurpose coil [20] , revealing difficulties with B 1 inhomogeneities and limited penetration depth in larger joints like the shoulder. Thus, up to now, studies regarding clinical applicability of 7-T shoulder MRI are missing. In this work, 7-T shoulder MRI is applied in a patient cohort for the first time and findings are correlated to the arthroscopy report.
Methods

Study population
Approval from the local institutional ethics committee was gained before the study and all participants signed informed consent. In cooperation with one particular surgeon, patients presenting with shoulder pain in an orthopaedic outpatient department were enrolled to participate in the study. Inclusion criteria were shoulder pain with suspected lesions of the rotator cuff, scheduled shoulder arthroscopy, and the ability to lie still for approximately 60 min in the bore of the magnet. Exclusion criteria were previous surgeries of the painful shoulder, claustrophobia, obesity (body mass index ≥ 30 kg/m 2 ), implants in the region of the painful shoulder, and pregnancy. The general presence of implants was carefully evaluated and assessed in consensus with our local safety guidelines weather a 7-T scan was possible or not. During the duration of 7 months, eight patients matching all the criteria and willing to participate in the study were identified. They were six males and two females, aged 48.3 ± 10.0 years (mean ± standard deviation [SD]).
Technical requirements
A whole-body 7-T research MRI system (Magnetom 7 T, Siemens Healthcare GmbH, Erlangen, Germany) equipped with an in-house built c-shaped 8-channel transmit/receive RF coil and an in-house built 7-channel receive RF coil [19] were used. Patients were placed in the supine position, head first and arms parallel to the examination table with the coils placed around the pathological shoulder. To minimise B 1 + inhomogeneities with maximum signal amplitude, subject-individual phase-only RF shimming was used.
Imaging protocol
The applied standard sequences were chosen in accordance with the protocol recommendations for shoulder imaging of the German society of radiology [21] and complemented by a range of additional sequences from other joint protocols already existing in our library [11, 22] . In total, ten sequences were included in the protocol, balancing a maximum of variety for evaluation in limited examination time. Details about the sequence parameters are given in Table 1 .
Image analysis
Image quality was assessed in consensus by two radiologists separately for each patient and each sequence using Likert scales [23] [24] [25] . For this issue, the presence of artifacts was rated on a 5-point scale: score 5 = excellent image quality without any artifacts; score 4 = very good image quality with hardly definable artifacts/artifacts out of region of interest (i.e., pulmonary); score 3 = few artifacts without affection of diagnostic image quality; score 2 = moderate artifacts with affection of diagnostic image quality/overall reduced signal-to-noise ratio; score 1 = severe artifacts with non-diagnostic image quality. The amount of B 1 + inhomogeneities was rated on a 3-point scale: score 3 = no relevant heterogeneities; score 2 = moderate heterogeneities; score 1 = severe heterogeneities. The assessability of structures was rated on a 4-point scale separately for the bone, muscle, tendons, cartilage, labrum, joint cavity, vessels/nerves: score 4 = excellent; score 3 = moderate; score 2 = fair; score 1 = not assessable. Mean values with standard deviations for all patients were calculated for each criteria and sequence. A statistical analysis was waived because of the explorative nature of the study and the small number of subjects.
Additionally, a structured report focusing on the rotator cuff [26] was generated in consensus by the same radiologists, assessing:
-Tendons (intact, tendinopathy, partial tear, full thickness tear); -Possible fatty atrophy of the rotator cuff muscles (normal, grades 1-4 according to Goutallier classification [27] ; -Possible supraspinatus atrophy (convex, plane, or concave); -Subacromial subdeltoideal bursa (normal, effusion, thickening, or effusion and thickening); -Shape of the acromion (flat, curved, hooked, convex); -Acromioclavicular joint (normal, mild degenerative changes, severe degenerative changes, activated arthrosis); -Effusion of the glenohumeral joint (yes or no); -Cartilage (normal, thinned, transchondral defect); -Labrum (intact, SLAP lesion, Bankart lesion, paralabral cysts); -Bone (normal, oedema, other bone marrow signal alterations).
The quality of the report was afterwards judged in comparison with the arthroscopy report taken as the gold standard. Finally, the pathologies found on 7-T MRI were visually compared with pre-existing 1.5-T MRI examinations provided by the patients.
Data presentation and statistical analysis
Data are presented as natural frequencies or mean ± SD. Sensitivity, specificity, and positive and negative predictive values of 7-T MRI versus arthroscopy were calculated according the binomial distribution using SPSS Statistics 25 (IBM, Armonk, USA).
Results
The whole imaging protocol was applicable in seven of eight patients. In one patient, however, the acquisition of six differently weighted sequences (T1 coronal, proton density [PD] sagittal, PD coronal, PD fat-saturated [fatsat] axial, three-dimensional [3D] multi-echo data image combination [MEDIC] coronal, and short-time inversion recovery [STIR] coronal) failed due to a technical hardware problem.
Image quality
Overall, the majority of the evaluated criteria for each sequence reached values above the median of each scale, especially when looking at the standard sequences. The amount of artifacts for each sequence is displayed in Fig. 1a and Table 2 . Least artifacts were observed in PD fat-sat axial (scored 4.3 ± 0.5), followed by PD fat-sat coronal (scored 4.0 ± 0.0), T1 coronal (scored 4.0 ± 0.8), and DESS 3D (scored 4.0 ± 0.5). Severest Fig. 1b and Table 2 . The most homogenous B 1 + field was observed for T1 sagittal, T1 COR, and 3D double-echo steady-state (DESS) (each of them scored 2.9 ± 0.4). The most inhomogeneities appeared in MEDIC coronal (scored 1.8 ± 0.4) and PD sagittal (scored 2.0 ± 0.8).
Averaged over all structures (Fig. 1c, Table 2 ), the assessability was best in PD fat-sat coronal (scored 3.8 ± 0.1), PD fat-sat axial (scored 3.7 ± 0.1), and PD coronal (scored 3.6 ± 0.4) and worst in PD sagittal (scored 2.5 ± 0.1), T1 sagittal (scored 2.6 ± 0.2), and STIR coronal (scored 2.6 ± 0.2), in detail ( Fig. 1d, Table 3 ), bone was best assessable in PD fat-sat coronal and axial (each of them 
Findings and diagnostic performance
With 7-T MRI, we identified pathologic findings regarding the rotator cuff in every patient. Predominantly, pathologies of the supraspinatus tendon (partial tears in seven patients, and tendinopathy in one patient), followed by tendinopathy of the subscapularis tendon (six patients) were observed. Two patients showed mild supraspinatus atrophy (plane geometry) with grade 1 fatty atrophy in one of them. Tendinopathy of the long bicipital tendon was observed in one patient. Degenerative changes of the acromioclavicular joint were seen in every patient (mild in six, severe in two patients). The glenohumeral cartilage appeared thinned in three patients and with a transchondral defect in one patient. Lesions of the labrum were diagnosed in three patients (two SLAP lesions and one Bankart lesion). No effusion was present in the When compared to the arthroscopy report, pathologic findings of the rotator cuff tendons were widely overrated with 7 T MRI: arthroscopy did not confirm tendinopathy or partial tear of the supraspinatus tendon in five of eight patients, of the subscapularis tendon in five of six patients, of the infraspinatus tendon in one patient. An example of suspected supraspinatus tear on 7-T MRI, not confirmed by arthroscopy, is shown in Fig. 2 . Only one pathologic finding of the rotator cuff (a partial lesion of the subscapularis tendon) according to arthroscopy was missed with 7-T MRI. Pathologic findings of the long bicipital tendon, the acromioclavicular joint, the glenohumeral cartilage, the labrum, and the subacromial subdeltoideal bursa were mainly concordant for 7-T MRI and arthroscopy. Exceptions were one lesion of the long bicipital tendon, one subacromial bursitis, and one SLAP lesion, missed on 7-T MRI. In Fig. 3 , the results of 7-T MRI and arthroscopy are shown in comparison. Evaluating the results of all evaluated structures together, sensitivity, specificity, positive predictive value, and negative predictive value of 7-T MRI of the shoulder were 86% (95% confidence interval [CI] 68-96%), 74% (95% CI 59-86%), 69% (95% CI 57-79%), and 89% (95% CI 76-95%), respectively.
Field strength comparison
Pre-existing 1.5 T MRI images could be collected from four patients. The delay between the two examinations The main pathologies were visible at both field strengths. However, at 7 T, pathologies were more distinct due to better contrast and higher image resolution, as exemplarily shown in Fig. 4 .
Discussion
The evaluated 7-T shoulder MRI protocol outperforms the recommendations of the German Society of Radiology [21] regarding in-plane resolution and slice thickness and matches most of the recommendations regarding slice orientation and type of sequence. However, our protocol does not include a second echo (to obtain T2-weighted images) in the coronal PD fat-sat sequence, and the chosen echo times of the PD sequences of 30 and 35 ms, respectively, are slightly shorter than the recommendation of 40-60 ms, according to the recommendations of the European Society of Skeletal Radiology (Sports Sub-committee, 2016) [28] . A double echo and high TE are recommended to minimise the magic angle effect, which is responsible for artificial signal increase in structures orientated at 55°to the main magnetic field [29, 30] . In the shoulder, this artifact may lead to false positive diagnosis of supraspinatus tendinopathy [31] .
Although we were aware of this pitfall, the sequence parameters were chosen intentionally to gain maximum SNR. As T2 relaxation time shortens with higher field strength, the magic angle effect gets less important at 7 T compared to 3 T and 1.5 T [32] . However, the magic angle effect might have led to the overrating of supraspinatus tendinopathy in our study even at 7 T. Therefore, we recommend to optimise the PD fat-sat sequences regarding higher TE and to implement a second echo for T2-weighting in further studies.
Regarding image quality and structure assessability, the parameters of the PD fat-sat sequences can be recommended at 7 T. T1-weighted gradient-echo sequences complement with their good B 1 + homogeneity and support the assessment of bone and muscles. Although STIR yields good delineation of the joint cavity due to its high T2 contrast, this sequence provides images with more artifacts and stronger B 1 + inhomogeneities, was inferior to PD fat-sat sequences, and should be deferred until substantial optimisation yields better results. Isotropic 3D imaging can be achieved by the use of a DESS sequence with excellent B 1 + homogeneity, little artifacts, and good to moderate structure delineation. The MEDIC sequence was inferior to the other sequences regarding nearly all criteria and cannot be recommended. After unblinding, we re-assessed the examinations where pathologies were missed at 7 T and looked for possible reasons. The partial tear of the subscapularis tendon was missed in the incomplete examination: among other sequences PD fat-sat axial could not be acquired due to a partial failure of the preamplifiers of the transmit/receive RF coil. The missed lesion of the long bicipital tendon and the missed subacromial bursitis could not be detected even retrospectively. In the first case, the delay between 7-T MRI and arthroscopy was 70 days. It is probable that the tendon lesion appeared during this delay. However, in the second case, the delay was only 14 days. The missed SLAP lesion could vaguely be discerned, retrospectively, but due to low signal-tonoise ratio and impaired image quality, it was not possible to make a 7-T MRI diagnosis in this particular patient.
Apart from the abovementioned magic angle effect, a psychological reason might have led to the overrating of tendinopathies in our study: the likelihood of tendon pathologies due to the patient selection criteria combined with the expectation of a high level of detail at 7 T might have influenced the readers to over-interpret signal changes and biased the radiological report [33] . Therefore, a blinded setting including healthy volunteers and different field strengths is desirable for future studies.
So far, the diagnostic accuracy of 7-T shoulder MRI is inferior to the results of 3 T studies published in the literature. In the detection of supraspinatus tears at 3 T, Mc Garvey et al. [34] reported in their meta-analysis sensitivities of 85.7% and 80.5% and specificities of 99% and 100% for full-and partial-thickness tears, respectively. However, a high number of false positive results was reported in patients with adhesive capsulitis, where MRI predicted a rotator cuff pathology in 57.9 % while arthroscopy revealed an incidence of only 13.2% [35] . In the context of MR arthrography, 7-T shoulder MRI can aid with its high resolution and high contrast of the joint fluid. However, without expansion of the joint cavity, even 7-T might stay inferior to lower field strength MR arthrography, especially in the detection of cartilage and labrum lesions. To further assess the diagnostic accuracy of 7-T shoulder MRI in detail and to make a statistical analysis more reliable, a subsequent study with a higher number of patients is needed. In addition, 3-T scans of every patient are desirable for direct comparison as well as a comparative analysis to 3-T MR arthrography.
In summary, MRI of the shoulder with diagnostic image quality is feasible at 7 T. Although the diagnostic accuracy still did not reach the reported results of 3-T MRI, yet, our study marks the way to implement shoulder imaging in the scope of clinical 7-T MRI applications. Even at ultra-high field, readers should be aware of the magic angle effect and in particular of the bias to over-interpret signal alterations.
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